Aim: The purpose of this study was to compare the outcomes of the treatment with the quadhelix/crib (Q-H/C) appliance with those of a combination of transpalatal arch, high-pull headgear, and lip bumper (TPA/HG/LB) in growing patients with anterior open bite malocclusion. Methods: The TPA/HG/LB sample consisted of 22 subjects, 16 girls and 6 boys (mean age 7.5 ± 1.4 years at the start of treatment, T1, and 8.7 ± 1.5 years at the end of active treatment, T2). The Q-H/C sample consisted of 28 subjects, 17 girls and 11 boys (mean age 8.2 ± 1.3 years at T1, and 8.7 ± 1.6 years at T2). Both treated groups were compared with a control group of 20 untreated subjects matched for dentoskeletal disharmony and observation interval. The changes from T2 to T1 between the three groups were compared with the analysis of variance. Results: Both TPA/HG/LB and Q-H/C groups exhibited greater reduction of the palatal plane to mandibular plane angle (−1.7° and −1.9°, respectively) and a significantly greater increase in overbite (2.2 and 2.3 mm, respectively) with respect to controls.
Introduction
Anterior open bite is defined as the absence of contact between the incisal edges of the maxillary and mandibular teeth in centric relation (1, 2) .
It can be associated with aberrant skeletal growth pattern or with an oral habit such as thumb sucking or tongue thrusting (3) . The same subjects show often transverse discrepancies concurrent with the vertical problems (4) .
Several treatment approaches can be found in the literature with regard to early treatment of open bite (5) (6) (7) (8) (9) (10) (11) . The elimination of persisting sucking habit must be the first therapeutic objective. The early orthodontic treatment of anterior open bite remains a challenge because it requires not only stable closure of the open bite but also an improvement in facial balance. The accepted approach to achieve this goal is to control excessive vertical growth of the craniofacial skeletal components (12, 13) . The correction of maxillary constriction is also advocated for the treatment of open bite patients (14) .
A proposed treatment protocol aimed to eliminate the thumbsucking habit and to correct both the anterior dentoskeletal open bite and the maxillary transverse deficiency in growing subjects is the quad-helix/crib appliance (Q-H/C). The Q-H/C appliance is effective in correcting the dental open bite in 90% of growing subjects with thumbsucking habits and dentoskeletal open bites in the short term (15) . The Q-H/C protocol also produces a clinically significant improvement in the vertical skeletal relationships because of a downward rotation of the palatal plane (15) . These effects remain stable in the long term, after a follow-up of 5 years (10) . A recent systematic review with a metaanalysis suggested that crib therapy could be regarded as an effective treatment for the correction of anterior open bite in growing patients, with an increase in overbite of about 3 mm (16) . Control of the vertical dimension by avoiding the extrusion of both mandibular and maxillary molars can be obtained through several treatment modalities, such as high-pull headgear (HG) (17, 18) or bite block effect (6, 7) . The use of HG associated to functional appliances has been advocated in subjects with dentoskeletal open bite to maintain the vertical position of the maxilla and inhibit eruption of the maxillary posterior teeth in the mixed dentition (17, 18) . No study analyzed the use of headgear associated to transpalatal arch (TPA) to increase the intrusion effect on the first maxillary molars in subjects with anterior open bite and to favour the expansion of the intermolar width.
It has been suggested that also the lip bumper (LB) when positioned at the gingival level is able to limit molar eruption and, therefore, it can be indicated to control the vertical dimension in the mandibular molar area (19) .
The purpose of this retrospective longitudinal study was to compare the outcomes of the treatment with the Q-H/C appliance with those of a combination of TPA/HG/LB as alternative treatment protocols in growing patients with anterior open bite.
Materials and methods
The TPA/HG/LB sample consisted of 22 patients (16 females and 6 males) treated consecutively at the Department of Orthodontics of the Second University of Naples, while the Q-H/C sample comprised 28 subjects (17 females and 11 males) who were treated consecutively at the Department of Orthodontics of the University of Rome Tor Vergata or in a private orthodontic practice in Rome. In order to be included in the study, the patients had to present with the following features (10): thumb-sucking habit before treatment (T1); negative overbite; constricted maxillary arch as consequence of thumb sucking; no permanent teeth extracted before or during treatment (to prevent the 'pseudo-open bite' due to undererupted permanent incisors) (20) ; two consecutive lateral cephalograms of good quality with adequate landmark visualization and minimal or no rotation of the head, taken before treatment (T1) and at the end of the active treatment either with the TPA/HG/LB or the Q-H/C (T2); and prepubertal skeletal maturity at both T1 and T2 (Cervical Stage, CS1 or CS2 according to the cervical vertebral maturation method) (21) . The stages of cervical vertebral maturation were determined by a calibrated examiner (...) trained in this method. All patients were included in the study regardless of treatment results. The study was approved by the Ethical Committee of the Second University of Naples (n° 260), and informed consent was obtained from patients' parents before treatment.
A control group of 20 subjects (10 girls and 10 boys) with anterior open bite was retrieved from the archives of the University of Michigan Growth Study and the Denver Child Growth Study. The control group matched the TPA/HG/LB and Q-H/C groups for negative overbite at T1, chronologic age, and skeletal maturation at both time periods and for the duration of observation interval. The mean ages at the two time periods in the two treated groups and in the control sample and the duration of either treatment or observation intervals are given in Table 1 .
The TPA appliance consisted of a 0.036-inch stainless steel wire adapted to conform to the palatal morphology with a mesial U-shaped loop. At both ends, the wire was double backed in order to form two terminal loops measuring 0.036 × 0.072 inch that were inserted in lingual sheaths welded to bands cemented on the first upper molars. TPA was modelled about 3-5 mm from the palate for vertical control of both molars and to discourage thumb sucking. In this way, the patients applied pressure with the tongue on the TPA when swallowing and an intrusive force on both molars was produced. The central loop was ample in order to expand the surface area where tongue pressure was applied and to enhance the intrusive effect ( Figure 1 ). TPA was passively inserted at the first visit, and during the following visits it was activated every month to achieve overcorrection of the transverse relationships. Each activation included molar derotation with a 1 mm of transverse expansion (22) . To control the uprighting of the posterior teeth and encourage and stabilize closure of the anterior open bite, TPA was associated with occipital HG (Figure 2 ) applied on the upper first molars. The magnitude of the extraoral force was 500 g per side. Moreover, in the lower arch, the LB was placed at gingival level for a better vertical molar control (19) . The LB was positioned 1 mm in front of the labial surfaces of the lower anterior teeth so that lip contact could maintain the sagittal position of the incisors (19) (Figure 3 ). The patients were instructed to wear the HG for 16 hours a day and the LB for 18-20 hours a day.
In the TPA/HG/LB group, patients' compliance was evaluated by a 3-point Likert scale (poor, moderate, and good) (23) . Poor compliance was referred to the patients who wore the HG less than 12 hours and the LB less than 16 hours per day; moderate compliance was reported when patients wore the HG and the LB more than 12 and 16 hours per day, respectively. Good compliance instead occurred when the patients wore the HG and the LB regularly, as suggested by the clinician (16 and 18-20 hours per day, respectively).
The Q-H appliance was made of 0.036-inch stainless steel wire soldered to bands on the second deciduous molars or the first permanent molars (24) (Figure 4 ). The lingual arms of the appliance extended mesially to the deciduous canines or to the permanent incisors. The anterior helices were brought as far forward on the palate as possible. Spurs to prevent thumb sucking were formed from three segments of 0.036-inch stainless steel wire soldered to the anterior bridge of the Q-H. The wire segments were inclined lingually to prevent impingement on the sublingual mucosa (24) . Activation of the Q-H was equivalent to the buccolingual width of one molar. The appliance was reactivated once or twice during treatment to achieve overcorrection of the transverse relationships.
All patients in both treated groups were encouraged to avoid thumb-sucking habit at every visit and they were checked every 4-5 weeks. Table 1 . Demographics of the treated and control groups. TPA/HG/LB: transpalatal arch, high-pull headgear, and lip bumper; Q-H/C: quadhelix/crib; T1: before treatment; T2: end of active treatment. The T1 and T2 cephalograms were hand traced by one investigator (M.V.) and then verified for landmark location by a second investigator (L.F.). Any disagreements were resolved by retracing the landmark or structure to the satisfaction of both observers. Cephalometric software (Viewbox, version 3.0; dHAL Software, Kifissia, Greece) was used for a customized digitization regimen that contained 14 variables (5 linear, 9 angular). The magnification factor of the cephalograms was standardized at 8%.
Statistical analysis
Descriptive statistics (mean differences and standard deviations) were calculated for all cephalometric measurements at T1, and for the changes from T1 to T2, in the three groups.
Statistical comparisons between the three groups were performed with the analysis of variance. For those cephalometric variables that did not show either normal distribution (Kolmogorov-Smirnov test) or equality of variances (Levene test), comparisons were carried out with the Kruskal-Wallis test.
Chi-square tests with the Yates correction were performed to compare the prevalence rates of correction of anterior open bite in the two groups and in the control sample at T2. The correction of anterior open bite at the dentoalveolar level was considered to be obtained when the overbite measurement was greater than 0 mm.
All statistical calculations were performed with a statistical software (SigmaStat version 3.5; Systat Software, Point Richmond, California, USA).
The power of the study was 0.89 (SigmaStat version 3.5; Systat Software, Point Richmond, California, USA) for an alpha level of 0.05 and a minimum detectable difference in means of 2.0 mm for the clinically relevant variable overbite with a standard deviation of 1.8 mm as derived from a previous study (10) . To test the reliability of the measurements, 20 lateral cephalograms randomly selected from various subjects in the study were retraced and remeasured by the same examiner (M.V.) after a 1 month interval. Systematic errors were evaluated with the independent sample t-test (25) . Random errors were calculated with the method of moments' estimator (26) .
Results
Systematic and random errors for all the cephalometric variables are reported in Table 2 . No significant systematic error was found. The Analysis of the starting forms (Table 3) showed that the three groups had no statistically significant differences in craniofacial characteristics at T1. All groups showed the presence of an open bite both at the dental and skeletal levels.
The statistical comparisons of the T1 to T2 changes (Table 4) showed no statistically significant differences between the TPA/HG/ LB, Q-H/C, and control samples for any maxillary or mandibular skeletal measurements in the sagittal plane. For the vertical skeletal measurements, both TPA/HG/LB and Q-H/C groups exhibited a significantly greater reduction of the palatal plane to the mandibular plane angle with respect to the control group (−1.7° and −1.9°, respectively). No statistically significant difference was found for the palatal plane to mandibular plane angle between the TPA/HG/LB and Q-H/C groups.
As for the changes in dental relationships, both TPA/HG/ LB and Q-H/C groups showed a significantly greater increase in overbite with respect to the control sample (2.2 and 2.3 mm, respectively). This change was associated with significantly greater decreases in both OVJ (−2.0 mm) and the inclination of the maxillary incisors to the palatal plane (−4.4°) in the TPA/HG/LB group and in the inclination of the mandibular incisors to the mandibular plane (−6.0°) in the Q-H/C when compared with the control group, while lower incisor inclination stayed unchanged in the TPA/HG/LB group.
The analysis of compliance revealed that 10 patients showed 'good' degree of collaboration, 7 patients 'moderate' degree of collaboration, and 5 patients 'poor' degree of collaboration.
After active treatment (T2), the prevalence rates for the correction of overbite were 82.2% for the Q-H/C group, 86.4% for the TPA/HG/LB group, and 50% in the control sample (spontaneous correction). Both comparisons between Q-H/C and control groups and between TPA/HG/LB and control groups were statistically Table 3 . Descriptive statistics and statistical comparisons on the starting forms (cephalometric values at T1). TPA/HG/LB: transpalatal arch, high-pull headgear, and lip bumper; Q-H/C: quad-helix/crib; Co-Go: condylion-gonion; FH: Frankfort horizontal; Pal.: palatal; Mand.: mandibular; Pl.: plane; Inc.: incisors; SNA; Sella-Nasion-A point; SNB: Sella-Nasion-B point; ANB: A point-Nasion-B point; Co-Gn: condyliongnathion; OVJ: overjet; OVB: overbite. *P < 0.05, **P < 0.01, ***P < 0.001.
significant (chi-square = 4.21; P = 0.040 and chi-square = 6.07; P = 0.014, respectively).
Discussion
The purpose of this study was to analyze the outcomes of two treatment protocols, the TPA/HG/LB and the Q-H/C therapy, for the correction of anterior open bite in growing patients with thumb-sucking habits. The two treated groups were compared to a control sample of subjects with untreated anterior open bite, and they matched the Q-H/C and TPA/HG/LB groups as to type of dentoskeletal malocclusion, age interval, skeletal maturation at different time points, and gender distribution (Table 1) . Although historical control groups might have limitations (27) , in our study the use of historical controls was due to the lack of ethical rationale to leave patients with anterior open bite untreated at the developmental period (early developmental phases) that is known as the optimal time for re-establishing normal dentoskeletal relationships (28, 29) . Other limitations of the present study were its retrospective and short-term nature and the relatively small sample size of the treated and control groups.
Both protocols have components to inhibit aberrant tongue function, either a crib or a mesial central U-shaped loop. The use of palatal crib has been proposed as an excellent treatment option to prevent the tongue from thrusting through the gap the anterior open bite (30) (31) (32) (33) . The central loop of the TPA can discourage thumb sucking and guide the tongue in a more favourable position. The Q-H/C appliance is a fixed appliance, whereas the TPA is associated with a removable occipital HG and lower LB. The requirement for the patient's compliance, therefore, is different for the two protocols.
The two treated groups and the control sample showed similar dentoskeletal features at baseline (T1) ( Table 3) . When looking at the cephalometric values in the three groups, it can be noticed that there was a tendency to Class II skeletal relationships associated with mandibular retrusion and increased vertical skeletal relationships.
The results of the T1 to T2 changes showed no statistically significant differences between the three groups for the maxillary or mandibular skeletal components or the maxillo-mandibular relationships. The two protocols produced similar skeletal modifications on the vertical plane. Both therapies produced a significant reduction of intermaxillary divergence as measured by the angle between the palatal plane and the mandibular plane with respect to the controls. Although not statistically significant, some of the comparisons of the skeletal vertical changes should be elucidated further. In the Q-H/C group, the main significant contribution to the modification of the intermaxillary vertical relationship was due to a downward rotation of the palatal plane to the Frankfort plane of 1.2°. This change was more limited in the TPA/HG/LB group when compared with the control group. Similar results were found when Q-H/C protocol was compared with a removable appliance with a crib (33) and open bite bionator (32) in the short term. Moreover, the TPA/HG/LB group showed a greater reduction in the angle Frankfort horizontal to Mandibular Plane, although not statistically significant, with respect to the Q-H/C and control groups (−1.1° and −1.2°, respectively). According to previous studies (17, 18, 34) , HG has been proposed with the aim to control molar extrusion and to prevent downward rotation of the mandible by producing intrusion (or control of the extrusion) of the maxillary molars. Moreover, the LB positioned at the gingival level could have contributed to limit molar eruption and to gain control over the vertical dimension in the mandibular molar area (19) .
The most significant change induced by the two treatment protocols pertains to the dentoalveolar level. Both protocols produced similar significant increases in overbite with respect to controls and they were equally effective in the correction of the anterior open bite (82.2% for the Q-H/C group and 86.4% for the TPA/HG/LB group). However, the mechanism of overbite closure was different in the two groups. In the Q-H/C group, this favourable change was associated with a significant amount of lingual tipping of the mandibular incisors in relation to the mandibular plane (−3.7° that is about 4° more than the TPA/HG/LB group). This result agrees with the outcomes at the end of active therapy with the same treatment protocol reported in previous studies (10, 15) . It should be stressed that the smaller amount of lingual inclination of the upper incisors in the Q-H/C group could be related to the presence of wire extensions lingual to the upper incisors.
On the contrary, the main significant contribution to the modification of the overbite was due to a significant lingual tipping (3.4°) of the maxillary incisors in the TPA/HG/LB group. These treatment effects could be due to the normalization of function, such as elimination of tongue thrusting and interruption of sucking habits encouraged by palatal crib (35) or by the mesial U-shaped loop of the TPA. The LB did not influence lower incisor inclination because it was positioned 1 mm in front of the labial surfaces of the lower anterior teeth so that lip contact maintained the sagittal position of the incisors (19) .
Although both protocols demonstrated the efficacy of therapy for the anterior open bite closure, our findings appear to indicate that the Q-H/C produced a more physiologic closure as result of a normalization of the function and a consequent downward rotation of the palatal plane. When compared with previous data, the outcomes of Q-H/C therapy showed stability for both dentoalveolar and skeletal vertical modifications in the long term (10) . The success of TPA/HG/LB protocol was most probably the result of molar intrusion forces produced by activation of TPA and headgear. This mechanism can be considered a mechanical effect (36). Ngan et al. (16) in their investigation showed that HG seemed to provide the vertical control of the maxilla by inhibiting the downward and forward eruptive path of the upper posterior teeth. This effect can be enhanced by the association with a TPA (36) .
Conclusions
In the short term, both the Q-H/C and the TPA/HG/LB protocols produced a significant reduction of intermaxillary divergence of about 2.0° with respect to untreated controls. At the dentoalveolar level, both therapies were equally effective in correcting the anterior open bite with a mean increase in overbite of about 2.0-2.5 mm with respect to the control sample. After active treatment, the prevalence rates for the correction of overbite in the two treatment groups were also similar (82.2% for the Q-H/C group, 86.4% for the TPA/HG/ LB group).
